A dual functional and water soluble spin-coatable lanthanum strontium manganese oxide (LSMO) resist has been developed that consists of lanthanum nitrate, strontium nitrate, manganese nitrate, polyvinyl alcohol and water. Energetic nitrates plus polyvinyl alcohol fuel promote autoignition and produce nanopatterns (<60 nm) upon mild electron beam exposure (<2 mC cm −2 ). The formation of cubic perovskite LSMO has been confirmed by micro-IR spectroscopy, elemental analysis, x-ray diffraction and transmission electron microscopy. The patterned LSMO film can be developed using nontoxic and environmentally friendly pure water, and the resist can fabricate active magnetic patterns directly by electron beam exposure. The spin-coatable LSMO resist can be fabricated into either positive or negative patterns easily by varying the electron doses. It can change from negative resist to positive resist and then finally negative resist with the increase of electron dose. The positive and negative dual functional mechanism of spin-coatable LSMO resist is reported. A resist with simultaneous positive and negative capabilities patterning will benefit the direct writing technology of an electron beam. The active magnetic characteristics and high refractive index of the material are useful for the direct fabrication of magnetic and optical devices.
Introduction
The ability to manipulate materials at the nanometre scale is a prerequisite of not only studying novel properties of materials at different scales but also of realizing useful miniaturized devices. Conventionally, the fabrication of 6 Authors to whom any correspondence should be addressed. thin film nanostructures is primarily done by using selective etching or templating growth on a prepatterned resist and then performing lift-off. While these approaches lack the ability to control the position of the nanostructure, using an electron beam to create a nanopattern on the material is an easy way to achieve the goal such as has been used for ZnO [1] , TiO 2 [2] , ZrO 2 [3] and PZT [4] . All of these can make nanoscale negative patterns. Furthermore, a zwitterresist refers to a resist which, depending on the applied doses, can exhibit both positive and negative properties [5, 6] . A resist with simultaneous positive and negative capabilities of patterning will benefit the direct writing technology of an electron beam.
The solvents used in developing resist are typically volatile and toxic, contributing to health hazards and environmental pollution. The solvents also add to the cost of lithographic processing. Recently, many environmentally friendly lithographic processes have been designed using either a water-based solution [7] [8] [9] [10] [11] [12] or supercritical carbon dioxide [13] [14] [15] [16] [17] to develop the resist. Here we report a novel pure water developable spin-coatable lanthanum strontium manganese oxide (LSMO) resist. The use of pure water instead of organic or alkaline solvents would undoubtedly be not only environmentally desirable but also could greatly simplify the imaging process.
By partially substituting La 3+ in functional ceramics LaMnO 3 with divalent ions like Ca 2+ or Sr 2+ , a number of spectacular properties are generated. The most significant property is the colossal magnetoresistance (CMR) of these manganese oxide materials, and this has stirred up tremendous research interests [18] [19] [20] [21] [22] [23] [24] [25] [26] . With the CMR effect, many potential applications, such as field sensors or recording devices, of the manganite thin films are being proposed and explored extensively. In addition, the strontium-doped lanthanum manganite is also known to be a very promising cathode material for a solid oxide fuel cell (SOFC) [24] [25] [26] [27] [28] [29] based on stabilized zirconia electrolyte. High-temperature SOFCs have been extensively investigated for the last two decades because of their potential use as clean and efficient power generating devices.
Experimental details
The spin-coatable LSMO resist was prepared by dissolving 4.50 wt% of lanthanum nitrate (La(NO 3 ) 3 ·6H 2 O, Acros, 98%), strontium nitrate, (Sr(NO 3 ) 2 , Riedel-dehaen, p.a.), manganese nitrates (Mn(NO 3 ) 2 ·4H 2 O, Fluka, >97%) and 1.70 wt% polyvinyl alcohol (PVA, Acros, 88%, 22 000 g mol −1 ) in water with a molar ratio of La:Sr:Mn = 0.7:0.3:1. The solution was held in a water bath at 25
• C, and stirred for 48 h. The LSMO resist was spin coated at 3000 rpm for 90 s to give a nominal thickness of about 180 nm. High-resolution nanolithography was performed by writing the design pattern across the 150 µm field with 2.5 nm beam step size in a Hitachi ELS-7500EX machine. A sample containing a 3 × 3 array of field was exposed with a start dose time of 1 µs and then with the additional dose time increment of 0.01, 0.1 and 1 µs per field. The exposed sample was developed in pure water for 30 s.
Results and discussion
We have developed a direct writing resist from the LSMO using its precursor solution. This solution is functioned as a resist via an autoignition mechanism during electron beam exposure, and the patterned LSMO film can be developed using nontoxic and environmental friendly pure water. Figure 1 shows scanning electron microscopic (SEM) photographs of the finished products made by the positive and negative dual In order to understand the nature of the electron-beam thermal mechanism in the spin-coatable LSMO resist, we removed the water from the LSMO solution to form a gel first then subjected the gel to differential scanning calorimetry (DSC, Du Pont, TA 2910) and thermogravimetry (TGA, Du Pont, TA 2950) analyses. The results are shown in figure 2 . The DSC plot shows exothermic peaks ranging from 100 and 150
• C that are due to the crosslinking of the PVA. The TGA curve illustrates a major decomposition at around 223
• C. That indicates the autoignition behaviour as shown by a sharp and nearly vertical step. The result is consistent with an intense exothermic peak at 221
• C in the DSC. This type of decomposition, with a very sharp and intense exothermic reaction, indicates a self-propagation combustion process which has been observed earlier in a few other systems [27, [30] [31] [32] . The autoignition of the gel occurs by a thermally induced oxidation-reduction reaction where PVA acts as a fuel and NO The autoignition can be induced by mixing an appropriate ratio of the fuel and the oxidant, giving rise to a singlestep decomposition associated with a particular reaction temperature and appreciable exothermic energy so as to facilitate the preparation of LSMO.
To further confirm the formation of LSMO crystalline structure from spin-coatable LSMO resist, we used the xray diffraction (XRD) pattern (using a Philips PW1830 diffractometer) of the spin-coatable LSMO resist calcined at high temperature (900
• C) as a control standard. Then we compared it with the XRD patterns obtained from the samples prepared at different temperatures and times. The results are shown in figure 3 . The XRD patterns of the samples calcined at 150 and 200
• C, respectively, exhibit an amorphous structure because those temperature are lower than the autoignition temperature of the resist according to our TGA data, whereas the sample calcined at 250
• C shows the formation of the rhombohedral phase of La 0.7 Sr 0.3 MnO 3 with traces of MnO 2 . The XRD pattern of the sample calcined at 300
• C clearly indicates the formation of the highsymmetry pseudocubic phase of La(Sr)MnO 3 containing trace MnO 2 and La 2 O 3 impurity phases. The sample calcined at 900
• C indicates the change from the rhombohedral structure to the pseudocubic form of the perovskite-like structure. The relatively low formation temperature of this phase is attributed to the high reactivity of the homogeneously dispersed ultrafine gel together with the sudden release of thermal energy during the combustion process. This formation temperature is much lower than what has been reported by other investigators employing other chemical methods [27, 33] .
An energy dispersive x-ray analysis (EDAX, Philips, XL-30) was used to monitor the amount of the elements C and N in the spin-coatable LSMO resist prepared either with different thermal treatment or with electron-beam lithography treatment. The results are shown in table 1. The elements C and N are from the PVA and metallic nitrates respectively, so they were the indication of the formation of the perovskite phase. The electron-beam treated samples have the least amount of both elements. This result also reveals that the energy from the electron-beam treatment is greater than that from thermal treatment above 300
• C. Therefore, we would obtain a perovskite structure of spin-coatable LSMO resist upon exposure to the electron beam.
The formation of the perovskite phase of the spin-coatable LSMO resist was further investigated by time-resolved Fourier transfer infrared spectra (FTIR, Thermo Nicolet, Nexus 470) acquired in reflectance mode. The absorption peak observed at about 3400 cm −1 is attributed to the hydroxy group of metallic nitrates containing crystalline water. When the calcined temperature was increased, the peak associated with hydroxyl group was reduced, which indicated the formation of LSMO perovskite phase. The FTIR spectrum of spin-coatable LSMO resist exposed to the electron beam is equivalent to that of the sample calcined at 300
• C. The transmission electron microscopy (TEM: JEOL, 100CX II) image of the spin-coatable LSMO resist with the electron dose 7.3 mC cm −2 showed LSMO with a particle size around 30 nm in diameter (figure 4). The selected area electron diffraction image showed a sharp diffraction pattern of the cubic perovskite LSMO with a lattice parameter of 3.8Å, which matches the XRD results. The spots corresponding to (220), (202) and (022) planes are marked.
The spin-coatable LSMO resist can be fabricated into either positive or negative patterns easily by varying the electron doses, and the feature exhibits dual functions. It can change from negative resist to positive resist and then finally negative resist with the increase of electron dose. Figure 5 illustrates the AFM images of LSMO patterns on Si substrate with different electron dose times. The AFM image of asspin coated sample is illustrated in figure 5(a) . The film was very smooth with an RMS roughness of 0.37 nm. Figure 5(b) shows the AFM image of a regular honeycomb array of 100 nm diameter and 500 nm lattice constant LSMO rods at an electron dose of 0.1 mC cm −2 . This step indicates that the spin-coatable LSMO resist can be fabricated into negative patterns due to the crosslinking of the PVA. With the increase of electron dose, the thermal energy of electron beam will transfer to the neighbouring area and make all of the PVA crosslink. As illustrated in figure 5(c) , the PVA starts to decompose at the direct beam location. Finally, the spin-coatable LSMO resist becomes a positive pattern with an electron dose of 2 mC cm −2 ( figure 5(d) ). The RMS roughness of the spin-coatable LSMO illustrated in figure 5(d) is about 7.8 nm. Above this threshold electron-beam thermally energy, the increase of electron dose starts the autoignition process of LSMO. Figures 5(e) , (f) and (g) show the AFM images of a regular honeycomb array with the electron dose of 2.5 4.2 and 7.3 mC cm −2 , respectively. With an electron dose higher than 50 mC cm −2 , the LSMO honeycomb patterns eventually collapsed, as illustrated in figure 5 (h). Figure 5 (i) illustrates the sensitivity curves of the spin-coatable LSMO resist after electron beam exposure and development.
Both the negative and positive properties of spin-coatable LSMO resist can achieve nanoscale resolution. The 3D AFM topographic images and cross-sectional profiles of a section of negative and positive spin-coatable LSMO resist with 60 nm line width corresponding to an electron dose of 0.1 mC cm −2 and 2 mC cm −2 respectively are shown in figures 6(a) and (b). The period of the fabricated grating was 300 nm. It is obvious from the photograph that the heights of gratings are uniform. This dual function spin-coatable LSMO resist is also capable of directly patterning large and complex features by controlling the dose time. Figure 6(c) shows the AFM image of negative spin-coatable LSMO resist features that were written at an Figure 7 . The relationship of the negative magnetoresistance (MR) ratio and the temperature for the spin-coatable LSMO resist calcined at 900
• C under different external magnetic field strengths.
electron dose of 0.1 mC cm −2 , and figure 6(d) shows the positive spin-coatable LSMO resist features that were written at an electron dose of 2 mC cm −2 . The results illustrate that the capability of spin-coatable LSMO resist can be either positive or negative by varying the electron doses. The development of spin-coatable LSMO resist is an important research topic in the study of a new magnetic resist with both positive and negative resist properties, water-soluble solvent developable property, and the capability of preparing nanoscale patterns.
All the samples for the refractive index and film thickness measurements were deposited on a silicon wafer. The refractive index and film thickness were determined by spectral microreflectometry (Mission Peaks Optics, MP100-M), by measuring the interference between incident and reflected light with wavelengths ranging from UV to visible (250-1000 nm). From the phase shift, the film thickness and refractive index (n and k) can be determined. The film thickness of spin-coatable LSMO resist approaches 180 nm, and the refractive index is about 2.38.
In order to study the magnetic properties of spin-coatable LSMO resist, the resist sample was calcined at 900
• C for 4 h first, then the magnetoresistance of the sample was evaluated by a physical properties measurement system (PPMS, PPMS-9, Quantum Design). The relationship between the temperature and the resistance of the samples under different external magnetic field strengths was obtained in order to understand the influence of the external magnetic field on the resistance. External magnetic field strengths of 10 000, 50 000, and 90 000 Oe were selected to observe the changes in the resistance under different external magnetic field strengths. The resistance of spin-coatable LSMO resist increases gradually as the external magnetic field strength increases, as shown in figure 7 . Therefore, the influences of the external magnetic field on the spin-coatable LSMO resist samples show negative and colossal magnetoresistance effects.
Summary
We have presented a novel positive and negative dual function water-based magnetic resist material. The water-based material is nontoxic and environmental friendly. The resist material consists of the oxide precursors of La, Sr, Mn, and a phase formation promoter. The phase formation promoter is polymer that assists the formation of the perovskite crystalline structure of lanthanum strontium manganese oxide. Pure water is used to develop the resist. Various nanoscale patterns can be formed from the material using an electron beam. An external magnetic field on the spin-coatable LSMO resist samples shows colossal and negative magnetoresistance effects. This electron-beam writable LSMO resist with active magnetic characteristics and high refractive index (∼2.38) is useful for the direct fabrication of magnetic and optical device.
